The internal properties of porous and icy bodies in the solar system can be investigated by ground-penetrating radars (GPRs), like the COmet Nucleus Sounding Experiment by Radiowave Transmission instrument on board the Rosetta spacecraft which has sounded the interior of the nucleus of comet 67P/Churyumov-Gerasimenko. Accurate constraints on the permittivity of icy media are needed for the interpretation of the data. We report novel permittivity measurements performed on water ice samples and icy mixtures with porosities in the 31-91% range. The measurements have been performed between 50 MHz and 2 GHz with a coaxial cell on a total of 38 samples with a good reproducibility. We used controlled procedures to produce fine-grained and coarse-grained ice samples with a mean diameter of 4.5 μm and 67 μm, respectively, and to prepare icy mixtures. The JSC-1A lunar regolith simulant was used as the dust component in the mixtures. The results are focused on the real-part ′ of the permittivity, which constrains the phase velocity of the radio waves in low-loss media. The values of ′ show a nondispersive behavior and are within the range of 1.1 to 2.7. They decrease with the increasing porosity Φ according to E
Introduction
Comets are porous and icy media composed of mostly water and carbon dioxide ices and dust. The past space missions dedicated to the "in situ" investigations of cometary nuclei for three decades have provided constraints on their low bulk density estimated between 100 and 1200 kg m −3 [Festou et al., 2004; Barucci et al., 2011, and references therein] . The Rosetta spacecraft, of the European Space Agency, successfully began its rendezvous with comet 67P/Churyumov-Gerasimenko (hereafter 67P) in August 2014. Sierks et al. [2015] have provided a first estimation of the bulk density and the porosity (i.e., the volume fraction of empty space in a given volume) of the whole nucleus in the range of 420 to 520 kg m −3 and of 70 to 80%, respectively. These values have been refined by modeling of the gravity field by Pätzold et al. [2016] . Comets are not the only porous and icy objects in the solar system. Investigations on transneptunian objects and some asteroids of the main belt have also revealed such properties [Barucci et al., 2008; Cartwright, 2007] . These small bodies may be representative of the most primitive objects, scarcely processed, of the solar system from which planets were formed. Therefore, investigations of their internal properties may provide constraints on the protosolar nebula and on planetary formation models.
The ground-penetrating radar (hereafter GPR) technique is very well adapted to the investigation of the internal properties of icy bodies in the solar system because of the transparency of ice to radio waves at frequencies in the MHz range [Waite and Schmidt, 1962] . As radio waves interact with the different materials encountered at depth, GPRs can provide an electromagnetic image of subsurface structures. The GPR performance, related to the electromagnetic behavior of materials present in the propagation path, is controlled by the relative complex permittivity (hereafter permittivity) [e.g., Kofman et al., 2010; Ulaby and Long, 2014] . The permittivity The permittivity of pure solid water ice as a function of frequency and temperature is well documented [e.g., Johari and Whalley, 1981; Mätzler and Wegmüller, 1987; Pettinelli et al., 2015] . The permittivity spectrum of pure water ice is well described by the Debye relaxation model from Hz to several hundreds of MHz [Johari and Whalley, 1981] even though at a temperature below 250 K, it is better described by a Cole-Cole model [Cole and Cole, 1941; von Hippel et al., 1971] . The relaxation frequency of solid water ice occurs in the hertz-kilohertz region as a function of the temperature [see Pettinelli et al., 2015, Figure 10] . In the frequency range of 1 MHz to 10 GHz, Gough [1972] and Mätzler and Wegmüller [1987] showed that the real part of the permittivity of solid water ice is essentially frequency independent and has a value in the 3.1-3.2 range with a slight temperature dependence. The imaginary part of the permittivity of solid water ice is lower than 0.001 [Mätzler et al., 2006] . Regarding water ice-dust mixtures, laboratory permittivity measurements are very limited and relatively recent [Hérique et al., 2002; Stillman et al., 2010; Heggy et al., 2012; Mattei et al., 2014] . Indeed, no measurements on ice-dust mixtures with a porosity greater than 50% are reported in the literature over the whole frequency range of the radio domain. Pettinelli et al. [2015] also point out that the lack of a standard procedure in sample preparation and measuring methodology raises some questions about the reliability of experimental data obtained. Moreover the porosity of samples is a key parameter to take into account during the measurements of the dielectric properties [Brouet et al., 2014 [Brouet et al., , 2015 , but it is not always well documented. Experimental data regarding samples with a porosity larger than 50% are needed for radar data inversion of very porous media, such as cometary nuclei and particularly the nucleus of comet 67P sounded by the CONSERT instrument.
The scope of the current paper is to describe standard procedures to prepare and measure the permittivity of pure water ice samples and ice-dust mixtures with a high range of porosity from about 31% to 91% over a frequency range relevant for GPRs. We present two procedures to prepare pure water ice samples composed of quasi-spherical particles and a procedure to prepare different ice-dust mixtures with variations of the dust-to-ice volumetric ratio and of the porosity. We selected two samples of JSC-1A lunar regolith simulant as the dust components for the mixtures. The JSC-1A simulant is composed of silicate-rich grains with an original grain size distribution below 1 mm. It is relevant to reproduce the properties of the lunar regolith. In addition, its mafic composition and its size distribution make it suitable for radar investigations dedicated to Mars [e.g., Mattei et al., 2014] and asteroids [e.g., Palmer et al., 2015] . It has also a porous structure [Brouet et al., 2015] , which can be interesting to approach, for example, the fluffy structure of the cometary dust, estimated from in situ measurements [e.g., Fulle et al., 2000 Fulle et al., , 2016 and from remote light scattering observations [e.g., Levasseur-Regourd et al., 2009] . The method used for the permittivity measurements over the frequency range of 50 MHz to 2 GHz is then defined. New results on the real part of the permittivity of porous water ice and ice-dust mixtures are presented, with an emphasis on the porosity and the dust-to-ice volumetric ratio dependencies. The reproducibility of these measurements is also discussed. Finally, the results are compared to previous results available in the literature obtained on water ice and ice-dust mixtures, and an empirical formula describing the porosity and the dust content dependencies of the real part of the permittivity, derived from these experimental data, is proposed.
Samples Preparation

Pure Water Ice
We prepared samples of pure and porous water ice by using the SPIPA (Setup for the Production of Icy Planetary Analogs) facility developed in the LOSSy laboratory at the University of Bern. Two different techniques were used to produce two different particle size distributions of quasi-spherical ice particles with a type Ih crystalline structure [Bartels-Rausch et al., 2012] . The solid density I of the Ih crystalline water ice particles is equal to 917 kg m −3
[e.g., Lide, 2005] .
A first technique uses an ultrasonic nebulizer in order to form very fine droplets of deionized water. These droplets are conducted through a plastic tube inside a modified chest freezer cooled down to about 223 K and are then deposited onto an aluminum bowl in contact with a vessel containing liquid nitrogen [Yoldi et al., 2015; Jost et al., 2016] . This technique produces quasi-spherical ice particles with a mean diameter equal to 4.5 ± 2.5 μm (the second number is the standard deviation) as measured by cryo-SEM (Scanning Electron Microscope) [see Jost et al., 2016, Figure 5.a] . A second technique consists of using a peristaltic pump to conduct deionized water through a 2 mm diameter tube connected to a Hielscher 200Ht ultrasonic unit equipped with a S26d18S sonotrode. The pumped water is injected into the sonotrode where it spreads out as a thin film on the nozzle surface. The ultrasonic vibrations delivered to the sonotrode nozzle disintegrate the liquid film into microdroplets. This nebulization takes place inside the same chest freezer as in the first technique. The droplets ejected by the sonotrode nozzle fall into an aluminum bowl containing liquid nitrogen and in contact with the vessel containing liquid nitrogen. Then the droplets rapidly freeze into quasi-spherical ice particles, as showed in Figure 1 . The size distribution analysis by cryo-SEM of the ice particles suggests a mean diameter of 67 ± 31 μm (the second number is the standard deviation) [Yoldi et al., 2015; Poch et al., 2016] .
Ice particles produced by the first technique will be referred to as fine-grained ice, with a mean diameter of 4.5 ± 2.5 μm, and those produced by the second technique will be referred to as coarse-grained ice, with a mean diameter of 67 ± 31 μm, in the rest of this paper. A sample of pure solid ice was also prepared with deionized water used to produce the ice particles described above.
Mixtures: Pure Water Ice and JSC-1A Lunar Regolith Simulant
The JSC-1A lunar regolith simulant is composed of volcanic ashes with a basaltic composition [Hill et al., 2007] collected in the Merriam Crater's south flank in Arizona (USA). Alshibli and Hasan [2009] estimated the mean solid density of the JSC-1A simulant to be equal to 2920 kg m −3 . We used two samples of JSC-1A lunar regolith simulant (hereafter also defined as dust) to prepare homogeneous and porous mixtures with different dust-to-ice volumetric ratios. The permittivity of several subsamples of the JSC-1A simulant with different size ranges covering a few μm to 500 μm have been characterized by Brouet et al. [2015] in the same range of measurement frequencies. The measurements of the different noncompacted JSC-1A samples show a nondispersive behavior and a slight linear decrease of ′ with the increasing porosity, allowing to estimate ′ for an ice-free dust medium with high porosities at the operating frequency of the CONSERT radar on board the Rosetta spacecraft.
The fine-grained ice samples were mixed with a JSC-1A sample with a mean grain size equal to 24 ± 9 μm, referred to as JSC-1A#1 in Brouet et al. [2015] . The coarse-grained ice samples were mixed with a JSC-1A sample with a mean grain size equal to 78 ± 28 μm, referred to as JSC-1A#2 in the same reference. The first and second mixtures mentioned above will be referred to as the fine-grained mixture and coarse-grained mixture, respectively, in the rest of this paper. We prepared fine-grained mixtures with dust-to-ice volumetric ratios equal to 0.10, 0.31, 1.26, and 2.83 and coarse-grained mixtures with a dust-to-ice volumetric ratio equal to 0.31. All mixtures were prepared with the same well-defined procedure. First, we collect the mass of dust and the mass of fresh ice needed to obtain the expected dust-to-ice volumetric ratio by using a precision weighing balance (±0.001 g). The fresh ice sample is then stored in an aluminum bottle at the temperature of the chest Figure 2 . Homogeneous mixture composed of a JSC-1A simulant sample with a mean grain size equal to 24 ± 9 μm and fine-grained ice. This picture was taken after having extracted the sample from the sample holder after the measurements. freezer (about 220 K). Second, possible adsorbed moisture is removed from the dust sample, in order to avoid interactions with radio waves and an increase of the real and imaginary parts of the permittivity [Sabouroux and Ba, 2011] . The samples are dried by using a moisture analyzer which provides an estimation of their volumetric moisture content (found to be equal or less than 0.2%). After that, the dust sample is stored about 15 min in the same chest freezer as the fresh ice, which provides a relatively dry environment and cools down the dust sample. The ice and dust samples are then mixed within an aluminum bottle over a vortex shaker in several mixing steps. First, the pure components of the mixing are mixed by keeping the ratio of masses around 1, and then the successive products of the mixing process are also mixed with a pure component by keeping the ratio of masses around 1. Any residue is mixed at the end of the process to obtain the final mixture. For example, in order to prepare a sample with a dust-to-ice volumetric ratio equal to 0.1, i.e., a dust mass fraction equal to 0.25, we prepared 2.520 g of JSC-1A#1 simulant and 7.584 g of fine-grained ice. A first step of mixing is performed with a ratio of masses around 1:2.520 g of JSC-1A#1 simulant mixed with 2.754 g of ice; and then a second step of mixing, again with a ratio of masses around 1, provides a mixture with the desired final dust mass fraction: 5.274 g of material obtained from the first step is mixed with the rest of the water ice, i.e., 4.830 g. The duration of the mixing process is always the same and the aluminum bottle is repeatedly cooled down in liquid nitrogen. This reproducible technique provides homogeneous samples, as showed in Figure 2 and discussed in section 4.1, of ice-dust mixtures with controlled dust-to-ice volumetric ratio.
Instrumentation
Measurements With a Conical Coaxial Cell Between 50 MHz and 2 GHz
Measurements of the real part of the permittivity between 50 MHz and 2 GHz on the different pure ices and icy mixtures were performed in 2015 at the University of Bern (Switzerland). All the measurements were performed at about 243 K and under ambient pressure. We used the same experimental setup with which measurements of the bulk density and the porosity dependencies of the real part of the permittivity were performed between 50 MHz and 6 GHz by Brouet et al. [2015] for volcanic ashes collected in Mont Etna (Italy) and JSC-1A lunar regolith simulant.
As showed in Figure 3 the experimental setup consists of a coaxial cell connected to a vector network analyzer (VNA, Anritsu Master MS2038C). The coaxial cell is equipped with a sample holder which consists of a central containment area of sample, transition lines, and connectors, for which the dimensions are well known. Two dielectric walls in PolyTetraFluoroEthylene (PTFE) delimit the containment area. The phase and amplitude of the complex scattering parameters S 11 and S 22 (i.e., the reflection coefficients measured at ports 1 and 2 of the coaxial cell, respectively), and the complex scattering parameters S 21 and S 12 (i.e., the transmission coefficients measured at ports 2 and 1 of the coaxial cell, respectively) of the cell loaded with the sample under test are measured with a calibrated VNA over 50 frequencies between 50 MHz and 2 GHz [Nicolson and Ross, 1970; Georget et al., 2014] . The calibration of the VNA was performed before each measurement on a given sample with a full SOLT (Short-Open-Load-Through). A first step of "deembedding" allows the determination of the sample scattering parameters, taking into account the phase propagation term and the attenuation propagation term of the coaxial cell, as well as the slight mismatching of impedance added by the presence of the two dielectric walls [Georget et al., 2014] . Then the permittivity at a given frequency is determined by applying the Nicolson-Ross procedure [Nicolson and Ross, 1970] to the sample scattering parameters S 11 and S 21 , on the one hand, and to S 22 and S 12 , on the other hand. Then two permittivity spectra for each sample are presented and discussed in section 4.1. More details on this setup and procedure of measurements are presented in Georget et al. [2014] .
Compared to a straight coaxial line, the original design of the cell improves the handling, containment, and positioning of the sample and allows to accurately define a protocol of sample holder and cell preparation. This protocol, presented in section 3.2, has been precisely followed for all samples. Thanks to this protocol and the reproducible methods of sample preparation previously mentioned, the measurements are reproducible, as discussed in section 4.4. Although this setup is particularly well adapted for reproducible and accurate measurements of the real part of the permittivity of porous pure water ices and icy mixtures, the measurement of the imaginary part of the permittivity of porous icy samples is very challenging because of the very low magnitude of dielectric losses and the sensitivity limit of the instrument which is reached with an imaginary part lower than 0.1. Therefore, the results are focused on the real part of the permittivity.
Sample Holder and Cell Preparation at Low Temperature
The introduction of the porous icy samples inside the sample holder, as presented in Figure 4a , is performed in a chest freezer. The sample holder is installed vertically on an aluminum plate in direct contact with a copper lid covering a stainless steel vessel filled with liquid nitrogen. The temperature of the aluminum plate is stable around 200 K. All tools dedicated to the handling of the icy samples (i.e., spoons, metallic sticks, and fine brushes) and the sample holders are first cooled down in the freezer. The icy samples are introduced inside the sample holder by using a fine brush or with a metallic cylinder machined to fit to the dimensions of the sample holder. Different pressures are applied in order to obtain different compaction, resulting in a variation of the bulk density and the porosity. For all measurements, the mass of the sample holder filled with the sample is determined in order to estimate the bulk density of the sample, knowing that the filled volume is equal to 1.291 ± 0.288 cm 3 . The sample holder is first covered by an isolating foam inside the freezer before the weighing, which takes place outside the freezer, in order to avoid any condensation of water. The uncertainties on the bulk density, obtained with the method of error propagation, are in the range of 8 to 27 kg m −3 , as showed in Tables 1 and 2 . For pure water ice samples, the porosity Φ can then be determined by (1 − ∕ I ), where is the bulk density of the sample and I is the solid density of the pure water ice. The porosity of a noncompacted sample of fine-grained ice is likely to be near or more than 70%, whereas it is likely near or less than 50% for a noncompacted sample of coarse-grained ice. The properties of the samples are summarized in Table 1 . The porosity Φ of the mixture samples can be determined, knowing the dust mass fraction F D , the solid density of the dust D , and the ice I , by the following equation:
which is derived from the relation between the porosity and the bulk density mentioned above. The properties of the samples are summarized in Table 2 . The uncertainties on the porosity, also obtained with the method of error propagation, are in the range of 0.6% to 1.7%.
The loading of the sample holder in the cell occurs directly after the first weighing and takes place in another freezer at a stable temperature around 243 K. Before the loading, the interior of the cell is carefully cleaned with a With , the mean grain size and its standard deviation; m, the mass of sample inside the sample holder; , the bulk density and its uncertainty; Φ, the porosity and Φ its uncertainty. The uncertainties on the bulk density and the porosity values have been assessed by using the method of error propagation. The samples #1-3 and #4-8 were prepared and measured in October and in December 2015, respectively. The samples #9-12 were prepared and measured in December 2015. a F D , the dust mass fraction of mixtures; V D∕I , the dust-to-ice volumetric ratio of mixtures; , the mean grain size, and its standard deviation; m, the mass of sample inside the sample holder; , the bulk density and its uncertainty; Φ, the porosity and Φ its uncertainty. The uncertainties on the bulk density and the porosity values have been assessed by using the method of error propagation. The samples were prepared and measured in December 2015.
an absorbent paper to remove possible water which may have condensed and could affect the measurements. The temperature of the cell is monitored by a PT100 temperature sensor attached to the cell. Then, after a dozen minutes needed to stabilize the temperature of the cell, it is first covered by an isolating foam and, second, brought to a measurement table where it is connected to the VNA. After the measurements, the cell is disassembled inside the freezer and the sample holder is weighted again in order to check that the state of the sample is stable. Figure 4b shows the macroscopic aspect of samples with different porosities extracted from the sample holders after the permittivity measurements.
Measurement Errors
The values of ′ obtained from the two pairs of scattering parameters in the frequency band from 50 MHz to 2 GHz and taken into account in section 4, correspond to the mean real part of the permittivity derived from 10 acquisitions of the scattering parameters performed successively. The absolute errors on each measurement of a given subsample are estimated to be the sum of standard deviation and experimental error. Standard deviation values are estimated to be below 2%. Experimental error originates not only from the measurement of magnitude and phase of the scattering parameters, for which the uncertainties can be derived from the datasheet of the VNA, but also from the connectors mismatching and the distances between the reference planes and the sample. However, the dimensions of the containment area of the sample are well constrained, so that the experimental errors are minimized. It is estimated to be less than 10% [Georget et al., 2014] . ). Figure 5 shows the mean of the real part of the permittivity for the coarse-grained ice, fine-grained ice, and solid ice as a function of the measurement frequency on a logarithmic scale between 50 MHz and 2 GHz. Figure 6 shows the mean ′ for icy mixtures with a dust-to-ice volumetric ratio equal to 0.10, 1.26, and 2.83, and Figure 7 shows the mean ′ for icy mixtures with a dust-to-ice volumetric ratio equal to 0.31, as a function of the measurement frequency on a logarithmic scale between 50 MHz and 2 GHz. For all samples, the values of ′ vary by less than 10% over the whole frequency range of measurement. These slight variations of ′ are lower than the expected absolute errors of the measurements, meaning that they are not significative and that ′ can be considered as nondispersive.
This nondispersive behavior of ′ is expected for this frequency range because of the nondispersive behavior of ′ measured for the pure solid water ice [Mätzler and Wegmüller, 1987; Mattei et al., 2014] and JSC-1A lunar simulant [Brouet et al., 2015] at these frequencies. From a theoretical approach, it is also expected to get a nondispersive behavior at these frequencies for samples composed of water ice. Indeed, the single-relaxation Debye model, derived from the Kramers-Kronig relations, predicts well its dielectric behavior [Debye, 1929] .
In order to study the homogeneity of each sample during the measurements, the maximum and minimum differences between
, taking into account the whole range of frequency, are showed in Figure 8 . The maximum difference varies between 1.5% for sample #12 and 11% for sample #39. Only 11 samples have a maximum difference larger than 5%. However, for 10 samples, the number of frequencies for which the difference between for all samples testifies of the homogeneity of the samples. Also, according to these results and their consistency with other measurements performed with different techniques [e.g., Mätzler, 1996] , as discussed in section 5.1, the boundary effects, if any, are negligible. However, they should be carefully taken into account for measurements with samples composed of larger grains [Hickson et al., 2016] . for each sample, taking into account the whole range of frequency. The homogeneity of the samples during the measurements is maintained, as showed by the low values of the differences.
Bulk Density and Porosity Dependence of Permittivity
In order to get a value of ′ representative of a sample with a given bulk density or porosity, the mean of ′ obtained from S 11 and S 21 and ′ obtained from S 22 and S 12 is determined for each frequency. Then, from the nondispersive behavior of ′ obtained for all samples, a mean value of ′ is determined to be representative of ′ over the whole frequency range. The mean values of ′ for the fine-grained ice samples and the coarse-grained ice samples and the icy mixtures are expressed as a function of the bulk density in Figure 9 and the porosity in Figure 10 . In Figure 9 the real part of the permittivity of the ice-dust mixtures appears to be lower than that for the pure ice samples for a given bulk density. If some particles of a pure water ice sample are replaced in the volume of the sample holder by basaltic dust with a similar grain size, with a solid density equal to 3 times the one of the ice, less water ice particles are needed to get the same bulk density and so the porosity of the sample is higher. Therefore, it is crucial to compare the results obtained on the icy mixtures and the pure ice samples as a function of the porosity in order to determine the effect of the dust content on the real part of the permittivity.
As expected, the real part of the permittivity increases with the increasing bulk density and decreases with the increasing porosity [e.g., Campbell and Ulrichs, 1969; Heggy et al., 2001; Ulaby and Long, 2014; Brouet et al., 2015] . Regarding the measurements done in October and in December on the fine-grained ice samples, the real part of the permittivity increases in the range of 1.2 to 1.9 with the increasing bulk density from 178 to 464 kg m −3 (i.e., a porosity in the range of 80.6 to 49.4%) and from 132 to 465 kg m −3 (i.e., a porosity in the range of 85.6 to 49.3%), respectively. For the coarse-grained ice samples, the real part of the permittivity is in the range of 1.7 to 2.2 with the increasing bulk density from 465 to 627 kg m −3 (i.e., a porosity in the range of 49.3 to 31.6%). The decrease of ′ as a function of the increasing porosity, taking into account the measurements of the fine-grained ice samples, the coarse-grained ice samples, and the solid ice, is in fair agreement with values obtained from the Maxwell Garnett mixing law [Sihvola, 1999] for a mixture composed of air and solid water ice. For the icy mixtures, taking into account the different dust-to-ice volumetric ratios, the real part of the permittivity varies in the range of 1.1 to 2.7 for a porosity in the range of 90.6% to 42.1%.
Dust Content Dependence of Permittivity
When the porosity is greater than 80%, the values of ′ are driven by the high content of air contained within the samples and the dust content does not have a significant effect. However, when the porosity is lower, the dust content has a measurable effect on ′ . The real part of the permittivity increases with the increasing dust content. For a porosity equal to about 75%, ′ is within the 1.4-1.7 range for a dust-to-ice volumetric ratio lower than 3, meaning a maximum variation of about 21%. The lower the porosity, the stronger the effect of dust content on ′ . For a porosity of 50%, ′ increases from 1.8 for a pure grained ice sample to 2.1 Figure 9 . Mean real part of the permittivity, averaged over frequencies between 50 MHz and 2 GHz, increasing with the increasing bulk density for pure water ices and ice-dust mixtures with different dust-to-ice volumetric ratio V D∕I . The measurements on the fine-grained ice samples were performed in October (1) and in December 2015 (2). All other measurements were performed in December 2015. The error bars represent the sum of the maximum standard deviation over 10 acquisitions with the coaxial cell and the maximum experimental error. Figure 10 . Mean real part of the permittivity, averaged over frequencies between 50 MHz and 2 GHz, decreasing with the increasing porosity Φ for pure water ices and ice-dust mixtures with different dust-to-ice volumetric ratio V D∕I . The solid line represents ′ as a function of Φ derived from the Maxwell Garnett mixing law applied for a two-component mixture (air and water ice). The fitted curves are obtained from the regression analyses applied to the data with a model based on equation (2). R 2 is the correlation coefficient, and the fitted coefficients are estimated with 95% of confidence bounds. The measurements on the fine-grained ice were performed in October (1) and in December 2015 (2). All other measurements were performed in December 2015. The error bars represent the sum of the maximum standard deviation over 10 acquisitions with the coaxial cell and the maximum experimental error.
for an icy mixture with a dust-to-ice volumetric ratio equal to 0.31 (i.e., a dust mass fraction equal to 0.5) and is equal to about 2.7 for an icy mixture with a dust-to-ice volumetric ratio equal to 2.83 (i.e., a dust mass fraction equal to 0.9). Taking into account these values, ′ increases by about 50% between a pure grained ice sample and an icy mixture with V D∕I = 2.83 and by about 29% between icy mixtures with V D∕I = 0.31 and V D∕I = 2.83. In Figure 10 , it is also important to remark that, as expected, the values of ′ obtained for pure JSC-1A lunar simulant samples are larger than the ones obtained for the icy mixtures: for a porosity of about 52%
′ increases by about 20%.
Reproducibility of Measurements
The methodology developed in this paper can be separated in two procedures, the sample preparation, as presented in section 2, and the measurement procedure, as presented in section 3. By strictly following these procedures we were able to reproduce the bulk density and the porosity dependencies of the real part of the permittivity of the fine-grained ice measured in October 2015 with measurements taken 6 weeks later, as showed in Figure 10 . We evaluated the reproducibility of the measurements by applying a linear regression analysis of the data obtained for fine-grained samples in October 2015 and those obtained in December 2015 as a function of the porosity. The results do not differ by more than 1%. Thus, these measurements could be reproduced with pure ice or ice-dust mixtures with a different frequency range of measurement, temperature, and composition. This reproducibility is essential to make rigorous interpretation of observational data that have been or will be collected by GPR dedicated to icy subsurfaces [e.g., Kofman et al., 2010; Pettinelli et al., 2015] .
Discussion
Comparisons
The results obtained by Mätzler [1996] from measurements in the microwave domain on dry snow collected in the Swiss and Austrian Alps are remarkably consistent with our results obtained on laboratory-grown fine-grained ice and coarse-grained ice. For instance, for a porosity equal to about 0.75 and 0.65, ′ is equal to about 1.4 and about 1.5, respectively. Hérique et al. [2002] have conducted permittivity measurements on ice-dust mixtures composed of water ice and powdered dunite, montmorillonite, and kaolinite, which have a silicate-rich composition. The measurements were performed at 120 Hz, 1.2 kHz, and 12 kHz with temperatures in the range of 77 to 360 K. The measured effective permittivity of the mixtures, dependent on the contribution of three components (i.e., dust, air, and ice), was greater than 3.9. Such values are consistent with the large contribution of the permittivity of the ice expected in this range of frequencies, where its relaxation spectrum is dependent on temperature. For a mixture composed of water ice and powdered dunite, which mostly consists of Mg-rich silicates as well as the JSC-1A simulant, the values were extrapolated to 90 MHz and were found to be about 4.5 for a range of temperature of 150 to 250 K [Hérique et al., 2002] . These results are representative of materials with a very low porosity. The samples presented in this study have been prepared exerting mechanical pressure on the powder in a die. Our values obtained at 90 MHz on ice-dust mixtures (also composed of water ice and silicate-rich dust) are lower because of the high content of air within the samples. Mattei et al. [2014] on ice-dust mixtures with a composition similar to the samples presented in the current paper. Indeed, they have measured the permittivity of two mixtures composed of water ice and Etna volcanic ashes which have a basaltic composition, as well as the JSC-1A lunar regolith simulant. The measurements were performed between 20 Hz and 1 MHz. The dust-to-ice volumetric ratio of the samples were 0.13 for a porosity equal to 5% and 0.96 for a porosity equal to 11%. They obtained real parts of the permittivity around 3.5 and 5.0 at 1 MHz, respectively. Because the results suggest a nondispersive behavior of ′ at frequencies above 500 kHz, one could compare these values with values obtained from models fitted to the data presented in Figure 10 . For instance, for a dust-to-ice volumetric ratio of 0.10 and a porosity of 5%, the model suggests a value of ′ about 6% smaller than the value measured by Mattei et al. [2014] . Thus, the model predicts relatively well the measurement obtained by Mattei et al. [2014] for a very low porosity.
Permittivity measurements have been made by
The heterogeneity of the permittivity measurements made by the authors mentioned above in terms of frequency, temperature, and composition ranges, as well as in terms of sample preparation technique, may also explain variations when comparing the results. 
Modeling the Porosity Dependence of
′ as a Function of the Dust Content Olhoeft and Strangway [1975] have reviewed measurements of the permittivity of 92 lunar soil samples at frequencies above 100 kHz and determined a relation between the real part of the permittivity and the bulk density by fitting the data with a model based on the Lichtenecker formula:
with ′ the real part of the permittivity of the mixture, , with L and s the real part of the permittivity and the solid density of lunar soil, respectively. The regression analysis of data reviewed by Olhoeft and Strangway [1975] gives the following relation ′ =(1.93 ± 0.17) .
The current measurements presented in Figure 10 have also been fitted by a model derived from equation (2) to determine a relation between ′ and the porosity for pure water ice, on the one hand, and icy mixtures, on the other hand. The model can be reduced to
, the fitted parameter for the pure ice data (with a volume fraction of dust V D equal to 0) and icy mixture data where
are, respectively, the real part of the permittivity of the pure dust and the pure solid water ice. Results of all regression analyses are summarized in Figure 11 which shows that the coefficient E from equation (3) increases with the increasing dust mass fraction. From F D = 0 to F D = 0.90, E increases from 3.13 ± 0.06 to 7.49 ± 0.44. The fitted parameter for pure ice data, which is the real part of the permittivity of solid water ice, is consistent with the value given by Gough [1972] and Mätzler and Wegmüller [1987] for temperatures equal to or greater than 200 K.
The predicted value for a pure sample of JSC-1A simulant, obtained from a regression analysis of E as a function of the dust mass fraction, is consistent with the value of Olhoeft and Strangway [1975] obtained from lunar soil samples and Barmatz et al. [2012] obtained from lunar simulants and some lunar soil samples. Based on the experimental data, we propose an empirical model to determine the real part of the permittivity as a function of the porosity Φ and the dust mass fraction F D :
This model could be a support for data inversion of GPRs operating between 50 MHz and 2 GHz dedicated to the investigation of icy planetary subsurfaces and the internal structure of porous and icy bodies, such as cometary nuclei. Moreover, the nondispersive behavior of the real part of the permittivity of the samples suggests that this model could be applied to a broader frequency range from about 10 MHz to hundreds of GHz. Also, the temperature dependence of ′ has to be taken into account. The temperature dependence of ′ has been estimated to be linear for solid water ice between 10 MHz and 300 GHz [Mätzler and Wegmüller, 1987] and for the JSC-1A lunar simulant [Calla and Rathore, 2012 ] at 1.7 GHz. These measurements show that the slope of variation of ′ with the temperature is of the order of 10 −3 in the frequency range of our measurements.
Relevance for the Sounding of Icy Media in the Solar System With Radio Waves
In order to interpret the GPRs data, parameters related to the propagation of the transmitted wave have to be estimated in a first order, such as the phase velocity of the radio wave and the attenuation constant of the medium. Both depend on the product of the real part of the permittivity with the magnetic permeability of the medium [e.g., Ulaby and Long, 2014] . However, as water ice, the JSC-1A lunar simulant can be considered as nonmagnetic from the measurements performed by Barmatz et al. [2012] , meaning that its magnetic permeability is equal to that of free space. Then the phase velocity v p of the radio wave which would propagate in icy and/or porous media, similar to the nonmagnetic materials reported in this study, can be expressed by v p = c∕ √ ′ , with c the speed of light in a vacuum, and the attenuation constant (Np m −1 ) for one-way propagation as follows [Ulaby and Long, 2014] :
where 0 is the wavelength in free space. The attenuation constant depends on the real part of the permittivity, as well as on the imaginary part. As mentioned in section 3, the sensitivity of the instrument used for the permittivity measurements does not allow to properly measure the imaginary part of the samples. However, it is possible to discuss about the upper limits of ′′ for the two poles of the mixtures, i.e., water ice and the JSC-1A simulant. For solid water ice, ′′ has been measured below 0.001 in the frequency range of the measurements [Mätzler and Wegmüller, 1987] . Then for an increasing porosity, ′′ may decrease of a few orders of magnitude [Heggy et al., 2012] . Regarding the JSC-1A simulant, Calla and Rathore [2012] have measured ′′ at 1.7 GHz in the range of 0.15 to 0.43 for a temperature range of about 80 K to 470 K and for a porosity equal to 38%. At 300 K, ′′ is equal to 0.29. In addition, these measurements allow to derive a linear temperature dependence of ′′ with a slope equal to about 6.5 × 10 −4 K −1 , which can be used to estimate ′′ in a low-temperature environment. Barmatz et al. [2012] have also measured ′′ of the JSC-1A simulant at room temperature. For a porosity equal to 43%, ′′ is in the range of 0.055 to 0.073. Thus, for larger porosities, the upper limit of ′′ would be equal to 0.07 for temperatures below 300 K.
Relevance for Cometary Nuclei, Especially 67P/Churyumov-Gerasimenko
The high values of porosity of our samples, i.e., between 50% and 91%, are representative of porosities expected for cometary nuclei [Lamy et al., 2015] . More particularly, this range of porosity encompasses the values of porosity estimated for the nucleus 67P, which has been targetted by the Rosetta mission. Moreover, the samples consist of pure water ice and refractory dust, which can be considered, in a first approach, as the two main phases of cometary material [e.g., Festou et al., 2004; Lamy et al., 2015] . The large range of dust mass fraction of the samples also allows to simulate the properties of an icy nucleus or a dusty nucleus. Thus, the results presented in this paper are, first, relevant for the interpretation of the measurements of the electrical properties of the upper part of the small lobe of 67P by the CONSERT penetrating radar, operating at 90 MHz. The CONSERT bistatic measurements between the Rosetta orbiter and the Philae lander were performed during the First Science Sequence. In order to derive a value of ′ representative of the medium crossed by the radio waves, a range of a priori values have been tested by Kofman et al. [2015] in a model of signal propagation between Philae and Rosetta, taking into account the three-dimensional shape model of the nucleus, aiming to reproduce the data measured by CONSERT. For the porosity range estimated for 67P by Sierks et al. [2015] and Pätzold et al. [2016] , i.e., in the range of 70% to 80%, equation (4) predicts a value of ′ in the 1.2-1.9 range for a dust fraction in the range of 0 to 1. Taking into account the temperature dependence, the values predicted with our model for temperatures below 200 K validate the range of ′ considered for the CONSERT simulations (from 1.025 to 1.45) and encompass the value of ′ derived by Kofman et al. [2015] , which is equal to 1.27 ± 0.05. Furthermore, from data collected by the permittivity probe (hereafter PP) of the SESAME package (Surface Electric Sounding and Acoustic Monitoring Experiment) [Seidensticker et al., 2007] during the FSS, Lethuillier et al. [2016] have determined a lower limit of ′ equal to 2.45 for the near surface of the small lobe, at the final landing site of Philae, in the 400-800 Hz range of frequency. Based on the results presented in the current paper and the results obtained by the CONSERT and SESAME-PP instruments, and taking into account the temperature conditions during the FSS, Brouet et al. [2016] show that the porosity increases with depth in the small lobe of the nucleus.
The nondispersive behavior of all mixture samples and of each component considered separately in the frequency range of 50 MHz to 2 GHz implies that the results of the measurements presented in this paper and the equation (4) can be used to estimate the real part of the permittivity of porous materials sounded at higher frequencies, taking into account the temperature dependence of ′ estimated in section 5.2. The Microwave Instrument for the Rosetta Orbiter (MIRO) [Gulkis et al., 2007] on board the Rosetta spacecraft is a radiometer composed of a millimeter receiver with a center-band frequency equal to 190 GHz (i.e., a wavelength equal to 1.6 mm in the vacuum) and a submillimeter receiver with a center-band frequency equal to 560 GHz (i.e., a wavelength equal to 0.5 mm in the vacuum). MIRO has performed measurements of the near-surface brightness temperatures and temperature gradients in the uppermost layers of 67P [Gulkis et al., 2015] . The brightness temperatures observed depend on the penetration depth for each of the MIRO wavelengths, which is related to the thermal and physical properties of the material via its permittivity. Thus, the permittivity is a key parameter of inverse models used to interpret data of brightness temperatures [e.g., Schloerb et al., 2015; Choukroun et al., 2015] . Our results provide constraints on the real part of the permittivity of porous and icy near surface of 67P and on its porosity range, as well as dust fraction.
Relevance for Planetary Objects
The large porosity range of our measurements makes them relevant not only for the investigations of the internal properties of highly porous objects but also for the investigation with GPRs of the crustal properties of icy planetary objects. Results presented for porosities below 50% may be taken into account in the preparation of the interpretation of GPRs data. Actually, the interior of Jupiter's icy moons are planned to be investigated by GPRs. The European JUICE (JUpiter ICy moons Explorer) spacecraft, scheduled to be launched in 2022, will carry two radiometric experiments. The Submillimeter Wave Instrument (SWI) will measure brightness temperatures of near surfaces of Jupiter's icy moons in two spectral ranges: 530-601 GHz and 1080-1275 GHz. However, our results may not be relevant for frequencies larger than 900 GHz. Indeed, Bertie et al.'s [1969] measurements of water ice in the 900-1600 GHz range seem to exhibit a relaxation process, for which the effect still needs to be constrained in laboratory for water ice-dust mixtures. The JUICE mission foresees to understand the icy crustal structure of Ganymede, Callisto, and Europa with the RIME (Radar for Icy Moon Exploration) [Bruzzone et al., 2013] penetrating radar, which operates at a center-band frequency of 9 MHz. Moreover, selected to be part of the NASA's planned Europa mission [Pappalardo et al., 2015] , the REASON (Radar for icy Moon Exploration) [Grima et al., 2013] penetrating radar will precisely focus on the determination of the internal structure of the Jupiter's icy moon Europa. Earth-based spectroscopic observations have showed that the surface of the three Galilean moons is mostly composed of water ice [e.g., Johnson and McCord, 1971; Pilcher et al., 1972; Fink et al., 1973] . The measured surface temperatures vary in the range of 70 K to 200 K [e.g., Pettinelli et al., 2015; Ligier et al., 2016] . According to the solid phase diagram of the water ice [Bartels-Rausch et al., 2012] , the surface conditions imply that the water ice is present in its Ih crystalline form [Ligier et al., 2016] . As pressure increases with depth, ice Ih could transform to other phases in depth. Nevertheless, these phase transitions should occur at depths larger than those expected to be sounded by the RIME and REASON radars, estimated to be in the range of a few kilometers to 10 km [Pettinelli et al., 2015] . The presence of amorphous water ice is also inferred on the surface of the Jovian satellites [Hansen and McCord, 2004; Dalton et al., 2010] : it is predominant on Europa's surface, in smaller proportion on Callisto's surface, and both phases are present on Ganymede's surface. However, Hansen and McCord [2004] suggest that the crystalline phase is predominant at a depth around 1 mm for the three satellites. The water Ih ice particles used in the current measurements have been prepared with a controlled technique, which enables their size distribution and their quasi-spherical shape to be defined. Knowing their properties, they can be considered representative of the water ice particles which constitute the icy crusts of the three Jupiter's moons. Indeed, at least for Europa, the size distribution of the ice particles has been estimated to be in the range of 25 μm to 200 μm, based on infrared spectra of the surface obtained from Earth-based observations [Ligier et al., 2016] . In order to characterize the structure of the icy crusts, their dielectric properties have to be estimated taking into account the possible contaminants mixed within the water ice. The procedures of sample preparation applied for the pure ice samples, as well as for mixture samples, described in section 2, allow us to control the porosity and the dust mass fraction of the samples. These procedures and the measurement procedure described in section 3, providing reproducible results around 243 K, could serve for the preparation of a database to support the preparation of the interpretation of RIME and REASON data, taking into account mixtures composed of fine-grained water ice and contaminants identified at the surface the Galilean icy moons, such as CO 2 ice, hydrated salt minerals, sulfur-bearing species, or organic compounds [e.g., McCord et al., 1998; Grasset et al., 2013] . Measurements performed by Pettinelli et al. [2016] on ice/MgSO 4 ⋅ 11H 2 O mixtures in the frequency range of 100 Hz to 1 MHz and over a temperature range of 100 K to 260 K are also relevant for this particular purpose. Constraining the composition and the internal structure of the icy crusts In addition, the measurements reported in this study may be taken into account in the interpretation of the data collected on Martian polar ice caps, which have been investigated by two subsurface sounding radars: MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding), operating in the frequency range of 1.3 to 5.5 MHz [Jordan et al., 2009] ; and SHARAD (Shallow Radar), operating in the range of 10 MHz to 30 MHz [Seu et al., 2004] . They are carried respectively on ESA's Mars Express and NASA's Mars Reconnaissance Orbiter. Our results may help to affine the data inversion as a function of the porosity and dust fraction of the different geological units encountered in the subsurface. Moreover, in 2020, the European Space Agency will launch the ExoMars rover equipped with the WISDOM penetrating radar (Water Ice Subsurface Deposit Observation on Mars) [Ciarletti et al., 2012] operating in the frequency range of 500 MHz to 3 GHz and dedicated to perform large-scale investigations of the Martian shallow subsurface at the rover location. WISDOM will aim to investigate and characterize the nature of the subsurface and subsurface stratigraphy, structure, and the magnitude and scale of spatial heterogeneity.
Conclusions
We report permittivity measurements of 12 porous water ice samples and 26 samples of water ice-dust mixtures, with the JSC-1A lunar regolith simulant as the dust component, in the frequency range of 50 MHz to 2 GHz at a temperature around 243 K. The procedures of sample preparation and the method of permittivity measurement were controlled in order to ensure the reproducibility of the measurements. The porosity of the samples ranges from about 31% to 91%. The real part of the permittivity of the samples is accurately measured in the range of 1.1 to 2.7. A nondispersive behavior has been observed for all samples. These results contribute to the knowledge on the porosity dependence of laboratory-grown water ice and water ice-dust mixtures as a function of the dust content.
From these experimental data, models are obtained and suggest that ′ varies with the porosity according to E
(1−Φ) with E = 3.13, 3.82, 4.13, 6.89, and 7.49 for pure water ice and for ice-dust mixtures with a dust-to-ice volumetric ratio equal to 0.10, 0.31, 1.26, and 2.83, respectively. Moreover, from these analyses, a model encompassing the dust content and the porosity dependencies is proposed. These results are reliable in the frequency range of 50 MHz to 2 GHz. Also, they could be reliable for lower frequencies, to about 10 MHz, as well as for larger frequencies because of the nondispersive behavior of the mixtures and also of the pure water ice and the pure JSC-1A lunar simulant at these frequencies. Nevertheless, confirmation from laboratory measurements on icy mixtures has still to be obtained in the millimeter-submillimeter domains. These data and models are relevant for data inversion of GPRs dedicated to the internal investigation of porous media in the solar system, such as rubble pile asteroids, transneptunian objects, and cometary nuclei, and more especially the nucleus of comet 67P, which was sounded by the CONSERT radar onboard the Rosetta spacecraft in November 2014. The permittivity measurements of such porous samples are complex because of the preparation of the samples themselves and their low-loss properties. Future laboratory measurements dedicated to the investigation of the permittivity (real and imaginary parts) of different icy mixtures with impurities, such as salts, analogues of extraterrestrial organic matter (e.g., tholins), and powdered meteorites, could be conducted using the same procedures of sample preparation.
In addition, these developments could have implications for the data inversion of MARSIS or SHARAD experiments for the study of the Martian polar subsurface and in the near future, the WISDOM (Water Ice Subsurface Deposit Observation on Mars) GPR, which has been selected by the European Space Agency to be carried by the ExoMars Rover, and will sound the near subsurface of Mars with a frequency range from 0.5 to 3 GHz. The missions toward icy satellites with launches scheduled in the next decade, such as the JUpiter ICy moons Explorer (JUICE) mission and NASA's Europa mission will also carry GPRs.
